We experimentally study a pair of tunnel-coupled one-dimensional atomic superfluids, which realize the quantum sine-Gordon/massive Thirring models relevant for a wide variety of disciplines from particle to condensed-matter physics. From measured interference patterns we extract phase correlation functions and analyze if, and under which conditions, the higher-order correlation functions factorize into lower ones. This allows us to characterize the essential features of the model solely from our experimental measurements, detecting the relevant quasiparticles, their interactions and the topologically distinct vacua. Our method provides comprehensive insights into a non-trivial quantum field theory and establishes a general method to analyze quantum many-body systems through experiments.
We experimentally study a pair of tunnel-coupled one-dimensional atomic superfluids, which realize the quantum sine-Gordon/massive Thirring models relevant for a wide variety of disciplines from particle to condensed-matter physics. From measured interference patterns we extract phase correlation functions and analyze if, and under which conditions, the higher-order correlation functions factorize into lower ones. This allows us to characterize the essential features of the model solely from our experimental measurements, detecting the relevant quasiparticles, their interactions and the topologically distinct vacua. Our method provides comprehensive insights into a non-trivial quantum field theory and establishes a general method to analyze quantum many-body systems through experiments.
Knowledge of all correlation functions of a system is equivalent to solving the corresponding many-body problem. If the relevant degrees of freedom are known, the knowledge of a finite set of basic correlation functions can be sufficient to construct a solution of the corresponding theory [1, 2] . While being a powerful theoretical concept, such a construction based on experimental data has so far remained elusive. In this letter we demonstrate how measurements of higher correlations in a cold atom system can be used to determine a solution of a non-trivial field theory. We study the quantum sineGordon/massive Thirring models [3] [4] [5] [6] realized using a pair of tunnel-coupled one-dimensional atomic superfluids. From measured interference patterns we extract up to 8-point phase correlation functions and analyze if, and under which conditions, the higher correlation functions factorizes into lower ones. This allows us to characterize the essential features of the model solely from our experimental measurements, detecting the relevant quasiparticles, their interactions and the topologically distinct vacua. Our experiments realize a model relevant for a wide variety of disciplines from particle to condensedmatter physics [7] [8] [9] . The developed method provides comprehensive insights into a quantum field theory and establishes a general method to analyze quantum manybody systems through experiments. It thus represents a crucial ingredient towards the implementation and verification of quantum simulators [10] .
One central objective of quantum field theories is to capture the essential physics of complex quantum manybody systems in terms of collective degrees of freedom, i.e. quasiparticles, their propagation, and interac-tions [11, 12] . Even though one can set up exact equations relating the propagator and scattering amplitudes encoded in higher correlation functions, they are in general not solvable. The approximate treatment of these equations is naturally done in the language of Feynman diagrams [13] .
With the rapid progress in quantum gas experiments [14] , the precise preparation, manipulation and probing of quantum field theories and their higher correlations [15] is now within reach. As an example we experimentally investigate two one-dimensional (1D) superfluids of bosonic 87 Rb atoms prepared in a double-well potential on an atom chip ( [16] , see Appendix). Tunneling through the double-well barrier leads to a coupling between the two condensates.
The evolution of the relative phase ϕ(z) and density fluctuations δρ(z) of the two superfluids can be described by the sine-Gordon Hamiltonian (see Appendix) [9] ,
which is equivalent to the massive Thirring model [3] describing Dirac fermions with local self-interaction. Here, n 1D is the linear density of atoms with mass m, the interaction strength is given by g, and J denotes the tunnel coupling strength. The first line represents the wellknown quadratic Tomonaga-Luttinger Hamiltonian [17] [18] [19] , which can be solved using non-interacting phononic quasiparticles. The term in the second line is nonquadratic and includes all powers of the field ϕ, which leads to many intriguing properties such as a tunable gap, non-Gaussian fluctuations, non-trivial quasiparticles and topological excitations. The system is characterized by two scales: The phase coherence length λ T = 2 2 n 1D /(mk B T ) describing the randomization of the phase due to temperature T , and the healing length of the relative phase l J = /(4mJ) determining restoration of the phase coherence through the tunnel coupling J. The parameter characterizing the relevance of the non-quadratic contributions to the Hamiltonian is the dimensionless ratio q = λ T /l J [20] . By independently varying J, T and n 1D the ratio q can be tuned over a large range to explore different regimes of the field theory (see Appendix Fig. 6 ).
In the experiment, matter-wave interferometry [21] [22] [23] [24] gives direct access to the spatially resolved relative phase ϕ(z) between the two condensates (see Appendix). This enables the extraction of higher correlations of this phase, either through individual equal-time N -point correlation functions
with coordinates z = (z 1 , . . . , z N ) and z = (z 1 , . . . , z N ) along the length of the system or through full phase distribution functions. The brackets . . . denote the quantum expectation value determined by averaging over many experimental realizations. The correlation functions (2) are directly connected to the properties of the (quasi-)particles of the quantum field theory [13] . Specifically, higher correlation functions encode the scatterings and interactions between the quasiparticles. If the relevant degrees of freedom of the quantum field theory are found, then all higher correlation functions factorize at least approximately into products of lower ones. The extreme case of complete factorization is equivalent to detecting the degrees of freedom where the Hamiltonian becomes diagonal. To analyze when higher correlation functions can factorize into products of lower ones, we decompose
where the first term in the sum is the connected, and the second the disconnected part of the correlation function [25] . While the disconnected part is by definition a polynomial of lower-order correlations (n < N ), additional information is encoded in the connected part of the N -point correlation function (see Appendix for a detailed expression). From a field theoretical perspective the connected part is given by the set of connected Feynman diagrams with N external lines. If all connected parts for correlation functions with N > 2 vanish (Gaussian states), the higher-order correlators can be solely described in terms of up to second moments (N ≤ 2), i.e. the Wick decomposition applies [26] . In such a situation one has found the non-interacting effective degrees of freedom that solve the corresponding quantum manybody problem.
In Fig. 1 we show the experimental data for the full 4-point correlation function, its disconnected, and connected parts for different values of the ratio q. We first consider the two limits of q = 0 and q 1, as shown in Fig. 1A . In both cases we see very good agreement Fig. 6 in the Appendix). To visualize the high dimensional data we choose z3 = −z4 = 15µm and z = 0, leading to the observed symmetric crosses where the correlation function vanishes. The color marks the amount of correlations of the full, disconnected and connected correlation function, with each row normalized to its maximum value leading to a color range from −1 to 1. In (A) we observe agreement between the full and disconnected correlation functions reflecting the absence of interactions between the Bogoliubov quasiparticles. As the dimensionless ratio enters the intermediate coupling regime (B) the cosine potential becomes relevant, leading to genuine higher-order correlations and the subsequent failure of the Wick decomposition.
between the full 4 th -order correlators and their disconnected part. Supporting this observation more quantitatively, we calculate the sum of the squared connected part over all points z and z = 0 for this high dimensional data. It is given by 1% (q = 0) and 4% (q 1) of the integrated squared full phase correlator, which agrees well with the expected bias (see Appendix, Section 3 and Tab. I for details). In addition, higher N -point correlation functions (tested up to N = 8) show no significant deviations from the Wick decomposition. The first case (q = 0) is described by the quadratic Luttinger-Liquid model. In the second case (q 1), the strong coupling leads to small fluctuations of the phase field, and it is for the full tunnel-coupled 1D trapped quasi-condensates. As the tunnel coupling increases, prominent side-peaks at ±2π become visible, indicating the non-Gaussianity of the distribution. For higher couplings the distribution becomes Gaussian again with small variance, reflecting the strong phase locking of the two condensates. To visualize the data we averaged the full distribution function within points z1 = −z 1 = 24 ± 2µm. (B) Kurtosis γ2 calculated from the full phase distribution functions (see Appendix). The experimental and numerical data (see Appendix) are given in the first and second column respectively. Color marks the local contribution of the 4-point correlators to the non-Gaussianity of the distribution for fixed coordinates z1 and z 1 . A value of zero corresponds to a Gaussian distribution. In the intermediate coupling regime the kurtosis indicates a clear non-Gaussian contribution, while in the uncoupled/strongly coupled case the system is described solely by Gaussian fluctuations of the phase.
sufficient to expand the cosine in Eq. (1) to second order [27] . The relevant degrees of freedom are in both cases given by non-interacting phononic excitations with a gapless and a gapped spectrum, respectively.
Tuning q to an intermediate regime (see Fig. 1B ), the 4-point function cannot be described by two-point functions alone, and a significant connected part remains. Here the integrated relative square deviation amounts to 15% for q = 2.5 and 36% for q = 3.4, which cannot be explained by the bias of the measure anymore. The finite 4-point connected part reflects the fact that it is not possible to describe the underlying many-body physics solely by a set of non-interacting Bogoliubov quasiparticles. In order to identify the mechanisms leading to a nonvanishing connected part, we turn to the full distribution function of the phase differences ϕ(z 1 ) − ϕ(z 1 ) where all N -point phase correlations contribute. To quantify the contribution of the 4 th -order to the non-Gaussianity of this distribution we calculate the kurtosis (see Appendix)
Following our previous reasoning, this measure represents the connected part of the 4-point correlation function G
con normalized to its disconnected part G
dis . Fig. 2 shows an analysis of the full distribution functions of the phase differences ϕ(z 1 )−ϕ(z 1 ) and the kurtosis γ 2 (z 1 , z 1 ) for the data sets presented in Fig. 1 . The full distributions are plotted for one particular distance, with z 1 , z 1 chosen symmetrically around the center of the trap. For zero and large q we find a vanishing kurtosis and Gaussian full distribution functions, as expected from the validity of the Wick decomposition in these cases. In the decoupled case (q = 0) phase fluctuations are large due to the absence of the cosine potential in Eq. (1) whereas for strong tunnel coupling (q = 14.7) the two condensates are phase locked meaning that the phase fluctuations are tightly trapped within the vicinity of a distinct minimum at ϕ = 0 (mod 2π). This leads to the observed broad, respectively narrow, Gaussian distribution in Fig. 2A . Intermediate values of q, displayed in the second and third . Note that the particular shape of the correlations for the full ensemble arises from the fact that only two solitons are present which are both located at negative z-values. For weaker coupling q = 3.4, even in the absence of isolated solitons, the correlation function shows a significant connected part. Hence genuine quasiparticle interactions are present in these systems. We note however that in both cases sine-Gordon solitons contribute significantly to the observed non-Gaussianity of the full ensemble.
row, show a large non-vanishing kurtosis, and the corresponding full distribution functions of the phase differences ϕ(z 1 ) − ϕ(z 1 ) develop two additional maxima at ±2π. These subpeaks become more localized, but at the same time more suppressed, with increasing phase locking. Studying individual realizations for q = 8.6 (upper end of the 'intermediate' range) reveals rapid changes, where the phase rotates by a full circle of 2π within a short distance (see Fig. 3 ). These localized kinks represent transitions between different minima of the cosine potential and can be identified with sine-Gordon solitons which are topological excitations of H SG (Eq. (1) ). The solitons are the origin of the side peaks in the full distribution function. The phase of the quantum field fluctuates around these soliton states which therefore may be interpreted as topologically distinct 'false' vacua [28] , their energy increasing with the number of solitons.
The sine-Gordon solitons have a significant contribution to the observed non-Gaussian correlations. We probe the fluctuations of the quantum field around the vacuum states by selecting realizations without solitonic excitations only (see Fig. 4 ). For q = 8.6, we see that the 4-point connected part vanishes after removing the solitons. This suggests that the relevant degrees of freedom are given by non-interacting quasiparticles living on the background of the different vacuum states (see Appendix). However, for weaker coupling q = 3.4, the 4-point connected part does not vanish even when restricting to the sub-ensembles with no isolated solitons. In this regime, the cosine potential in the sine-Gordon Hamiltonian has to be considered and the strict distinction between topological excitations and (phononic) quasiparticles is not well defined anymore.
Investigating the 6-and 8-point phase correlation confirms that the Wick decomposition is violated in the intermediate q regime and valid for q = 0 and q 1 (see Tab. III and IV in the Appendix). The 6-point connected part is limited to < 9% of the full correlator (see Tab. V in the Appendix), even in the intermediate q regime. This indicates that higher-order scattering is less relevant in our experiment, and the quantum field theory can be constructed to good accuracy from the low-order correlation functions.
We are convinced that the procedure outlined in our letter is the basis for a very general principle to identify degrees of freedom and to solve complex quantum many-body problems by experiment. Our method further holds large promise for experimental and theoretical investigations of non-equilibrium situations, where it will allow the detailed study of the formation and the decay of quasiparticles following a quantum quench or the observation of the decay of false vacua. It thus provides a new and important tool for future quantum simulators.
The coupled one-dimensional (1D) Bose gases are realized using our standard procedure to produce ultracold gases of 87 Rb in a double-well potential on an atom chip [16] . Each well consists of a highly elongated cigarshaped trap (two tightly confined directions, one direction with weak confinement). The wells are separated along one of the tightly confined directions and have identical location in the other two directions. The clouds are prepared by evaporatively cooling the atoms whilst keeping the double-well trap static. By tuning the height of the barrier separating the wells we can change the tunnel coupling J between the two gases.
The single wells have measured harmonic frequencies of ω ⊥ = 2π × (1.4 ± 0.1) kHz in the radial direction and ω z = 2π × (7.5 ± 0.5) Hz in the longitudinal direction. The temperature, atom number and chemical potential are T = 24 . . . 73 nK, N = 4400 . . . 5100 per well, and µ = 2π × (0.82 . . . 0.91) kHz, respectively, such that the 1D condition µ, k B T < ω ⊥ is well fulfilled within each well. The gas typically has a length of about 100 µm, from which we use the central 50 µm (density variation of about 25%) for our analysis.
Measurement of the relative phase, Data analysis
To extract the spatially resolved relative phase between the condensates we record the resulting matter-wave interference pattern of the two 1D Bose gases after 15.9 ms time-of-flight expansion using standard absorption imaging [22, 29] . The Gaussian point-spread function of the imaging system has a measured 1/ √ e radius of about 3 µm.
The local position of the fringes in the fluctuating interference pattern directly corresponds to the relative phase ϕ(z) between the two gases. We extract this relative phase by fitting a sinusodial function to each pixel line in the interference pattern [23] . This allows to determine ϕ(z) only mod 2π. However, assuming that the phase difference between two neighboring points along the z-direction is within the interval (−π, π], one can reconstruct the phase profiles to obtain unambiguous phase differences ϕ(z 1 ) − ϕ(z 2 ) not restricted to (−π, π] (Fig.  5) . The remaining global ambiguity of 2πn (n is an integer number) is irrelevant for our analysis. A sample of ϕ(z) is generated by repeating the experiment 200 . . . 500 times.
Integral measure and statistical analysis
To quantify the relevance of the connected part, we calculate its squares summed over all distinct points of the whole N-dimensional lattice normalized with the sum of the squared full correlation function
Note that the correlation functions are symmetric under permutations of the coordinates z 1 , . . . , z N . This reduces the number of distinct points significantly. A similar measure can be defined to quantify to what extend the Wick decomposition agrees with the full correlator. One simply has to replace the connected part with the local difference between the two quantities.
The confidence intervals for these integral measures are calculated by the bootstrap BCA (bias corrected and accelerated) method [30] (its implementation 'bootci' in matlab was used). The expected bias of the measures was estimated by the normalized sum of local variances
where the variances have been calculated with a bootstrap. If the expected bias lies within the confidence interval for the integral measure, we conclude that we cannot reject the null hypothesis of a vanishing connected part for the given significance level. If it is smaller than the lower bound of the confidence interval, we have a statistically significant non-vanishing connected part.
The results for the integral measure, its confidence intervals and bias, for the data presented above are given in Tabs. I. . . V. Due to computational limitations, we had to reduce the number of points z by a factor 2 for N ≥ 6, considering only every other z-value in the calculation. TABLE III. Same data as in Tab. I, but for the integrated squared deviation of the Wick decomposition from the full 6-point correlators. Note, that due to bigger statistics one gets smaller error bars and more significant results for q = 0 and q = 3.4 than for the other two values of q.
Outlier removal for the calculation of the kurtosis
Without a well-defined outlier removal the kurtosis would show large fluctuations at small distances, i.e. for z ≈ z . In order to obtain Fig. 2 we removed the smallest and largest 2% from the dataset for ∆ϕ(z, z ) before Tab. I, but for the 6-point connected part. Note that due to the small magnitude of the 6 th -order connected part, a significant distinction from being zero, is not possible for any measured value of the dimensionless ratio q. However, from numerical simulations we expect it to be non-zero but small in the intermediate q-regime and to vanish for q = 0 and q 1.
calculating the kurtosis. We corrected for the bias arising due to this removal by subtracting the corresponding value of the normal distribution restricted in the same way. Performing this analysis for the numerical data further confirms that this correction does not significantly alter the results.
Detection of solitons
The sine-Gordon solitons were detected by fitting a piecewise linear function to the phase profiles. To be more precise, the algorithm tries to fit a piecewise function, starting with a horizontal line, then a linear function changing the value by ±2π and ending in a horizontal line (shifted by ±2π with respect to the start). If this leads to smaller residuals than a fit with a single horizontal line, we claim to have detected a soliton. The minimal and maximal extent of the slope responsible for the change over ±2π was set to 2µm and 30µm. Only isolated solitons can be detected with this algorithm.
Correlation functions
From the measured phase field ϕ(z) we determine correlation functions at different spatial points z = (z 1 , . . . , z N ) and z = (z 1 , . . . , z N ) at equal times:
(see (2) in the main text). In our experiment the onepoint function vanishes by symmetry, ϕ(z 1 ) − ϕ(z 1 ) = 0, as well as all other correlation functions where N is an odd positive integer.
a. Connected correlation functions
In general, higher N -point functions (7) contain contributions from products of lower correlation functions. For instance, focusing on the specific case z 1 = z 2 = . . . = z N and z 1 = z 2 = . . . = z N the 4-point correlator can be written as
which defines its connected part G
con with z 1 ≡  (z 1 , . . . , z 1 ) and z 1 ≡ (z 1 , . . . , z 1 ) . The disconnected part
is obtained from all combinatorial ways to write the above 4-point correlator in terms of products of all nonvanishing lower (here two-point) correlation functions. If the connected part G (4) con vanishes identically, the 4-point function is said to factorize.
We can generalize this by introducing the connected part of N -point correlation functions recursively as
where the subtracted terms represent the disconnected part G
dis (z 1 , z 1 ). For instance, using the compact notation G (N ) (z 1 , z 1 ) = ∆ϕ N we can write up to the 6-point function:
where m is the atomic mass of 87 Rb, g = 2 a s ω ⊥ the 1D effective interaction strength, V (x) is the harmonic confinement, and µ is the chemical potential. The field operators fulfill the canonical commutation relations [ψ m (z), ψ † n (z )] = δ mn δ(z − z ). In order to derive a lowenergy effective theory we use the density-phase representation:
with the canonical commutators: [δρ m (z), θ n (z )] = δ mn δ(z − z ). Furthermore, we introduce symmetric and anti-symmetric degrees of freedom
fulfilling canonical commutation relations as well.
Expanding the Hamiltonian in terms of the density fluctuations and phase gradients separates the full Hamiltonian into an independent sum of symmetric and antisymmetric degrees of freedom. Note that in the main text we only report on the phase difference ϕ a and hence omit the subscript a there. Furthermore, at the low energies considered, spatial density fluctuations and hence derivatives of delta ρ a can be neglected. This leads to the sine-Gordon Hamiltonian
where we introduced g J = g + J/n 1D . For typical experimental values of J and n 1D , we get g J ≈ g, which we will use in the following. This Hamiltonian leads to classical equations of motion containing solitonic and breather solutions. The single-time independent soliton/anti-soliton is given by ϕ a,S (z) = 4 arctan ± exp 
On the other hand, for λ T /l J 1, i.e. for strong tunnel coupling J, the cosine term can be expanded to second order leading to: ing coupling (q = 0) the system is Gaussian and described by free phononic excitations with a gapless dispersion relation. At intermediate couplings (grey region) we can distinguish between two regimes: (I) weak coupling (dark grey), for which the strict distinction between solitonic and phononic excitations is not well defined and genuine higher-order correlations need to be considered; (II) stronger coupling (light grey), where solitons and phonons are clearly distinguishable and the Hamiltonian can be diagonalized by phononic excitations (with a gapped dispersion) living on top of the topologically different n-soliton states, defining false vacua of the system. Lastly, for strong coupling (q 1, white region), the excitation of solitons is highly suppressed. The system can therefore be described solely by phononic excitations with a gapped dispersion. The system is Gaussian again and occupies only the energetically lowest of the (false) vacuum states, i.e. the ground state of the system.
Stochastic Gross-Pitaevskii simulations
We compare the experimental results to numerical simulations using the stochastic Gross-Pitaevskii equation (SGPE) [31] [32] [33] of the full, trapped, coupled onedimensional system. The low-energy regime of the system is denoted by ψ i for the individual condensates i = 1, 2. The SGPE describes the dynamics of the coherent region while being in contact with a thermal cloud via the Langevin equation
Here H cGP denotes the operator for the coupled 1D system given by
